Background/Aims: Performing neurophysiological and functional imaging studies in severely affected patients to investigate novel neurostimulation techniques for the treatment of neurogenic dysphagia is difficult. Therefore, basic research needs to be conducted in healthy subjects. Swallowing is a motor function highly dependent on sensory afferent input. Here we propose a virtual peripheral sensory lesion model to mimic pharyngeal sensory impairment, which is known as a major contributor to dysphagia in neurological disease. Methods: In this randomized crossover study on 11 healthy volunteers, cortical activation during pneumatic pharyngeal stimulation was measured applying magnetoencephalography in two separate sessions, with and without pharyngeal surface anesthesia. Results: Stimulation evoked bilateral event-related desynchronization (ERD) mainly in the caudolateral pericentral cortex. In comparison to the no-anesthesia condition, topical anesthesia led to a reduction of ERD in beta (13-30 Hz) and low gamma (30-60 Hz) frequency ranges (p<0.05) in sensory but also motor cortical areas. Conclusions: Withdrawal of sensory afferent information by topical anesthesia leads to reduced response to pneumatic pharyngeal stimulation in a distributed cortical sensorimotor network in healthy subjects. The proposed paradigm may serve to investigate the effect of neuromodulatory treatments specifically on pharyngeal sensory impairment as relevant cause of neurogenic dysphagia.
Introduction
Swallowing is an essential bodily function that depends on complex processing in a widely distributed central and peripheral neuronal network [1] . Therefore, a variety of neurological conditions -especially stroke -frequently lead to an impairment of swallowing function called dysphagia. The latter is known to be a risk factor for pneumonia, dehydration and malnutrition, and is also associated with poor long-term outcome and increased mortality [2, 3] . Evidence-based therapeutic options for dysphagia are still limited [4] . Currently, the focus of treatment studies is shifting from conventional exercise-based swallow therapy towards approaches that modulate the underlying neuronal systems. Neurostimulation devices such as repetitive transcranial magnetic stimulation (rTMS) or transcranial direct current stimulation (tDCS) [5] , but also pharyngeal electrical stimulation (PES) [6] have shown promising therapeutic potential to aid dysphagia rehabilitation. However, the underlying neurophysiological modes of action are still only poorly understood because neurophysiological and functional imaging studies are difficult to conduct in severely ill neurologic patients and are therefore mostly restricted to healthy volunteers. One approach to partly overcome this limitation is the application of a virtual lesion model, as proposed here, to mimic a neurological impairment in healthy subjects.
While previous neurophysiological research has mostly focused on the central processing of motor aspects of deglutition, only recently, more attention was drawn to the crucial role of intact sensory afferents for the motor output of swallowing. Using magnetoencephalography (MEG), our group was able to demonstrate that topical oropharyngeal anesthesia led not only to a decrease of sensory but also motor cortical activation during swallowing in healthy adults, resulting in worse performance in a water swallow test with a significant decrement of swallowing speed, reduced volume per swallow and reduced swallowing capacity [7] . Using a water swallow test as well, Chee et al. found a significantly reduced swallowing speed and inter-swallow interval in a dose-dependent manner after the application of surface anesthesia, yet no significant effect on swallowing capacity [8] . Furthermore, surface anesthesia led to changes of the swallowing physiology in a study using manometry in which a significantly prolonged contraction of the pharynx was observed [9] , respectively in a study that used EMG that showed a decreased dysphagia limit [10] . In a recent voxel-based lesion symptom-mapping study in acute stroke patients, the right post-central gyrus, which is the primary sensory area for swallowing, could be identified as the only region in which a lesion was significantly associated with severe dysphagia [11] . In addition to cerebral lesions, also peripheral sensory impairment, e.g. as a result of intensive care treatment can deteriorate or even mainly cause dysphagia. Ventilation tubes may cause direct oropharyngeal trauma and lead to local inflammation of the mucosa with edema. Furthermore, critical illness neuropathy may contribute to sensory impairment and has been identified to result in dysphagia in intensive care patients [12] . Despite its clinical significance, the effect of neuromodulatory treatment on specific disturbance of the sensory swallowing network has not yet been investigated.
The group led by Shaheen Hamdy already introduced a central virtual motor lesion model mimicking dysphagia due to a stroke by applying inhibitory 1-Hz rTMS to the pharyngeal human motor cortex of healthy subjects [13, 14] . They were able to reverse cortical suppression and resulting deterioration of swallowing function with subsequent contralesional excitatory 5-Hz rTMS [13, 14] . Complementing this, in the present study we propose a virtual peripheral, sensory lesion model by evaluating the effect of pharyngeal surface anesthesia on the cortical MEG response to pneumatic pharyngeal sensory stimulation. 
Material and Methods

Subjects
Eleven healthy volunteers (4 female, 7 male, mean age 31.0 ± 5.76 years) participated in this study. None had a history of neurologic, psychiatric or ear-nose-throat disorder and no subject took any medication affecting the central nervous system. The study protocol was approved by the local ethics committee. Informed consent was obtained from each participant in accordance with the principles of the declaration of Helsinki.
Study outline and intervention
In this randomized study with crossover design, each subject participated in two MEG recording sessions. During the 15-minute MEG measurement, pneumatic pharyngeal stimulation was delivered, either with or without previous pharyngeal surface anesthesia. Sessions were at least 24 hours apart to avoid any carryover effects.
Pharyngeal pneumatic stimulation was performed as previously established [15] . In brief, an 8 french baby nasogastric tube (Nutrisafe2, Vygon, France) was connected to a custom-made compressor that provided air-pulses at 3 bar with a pulse duration of 500 ms at a frequency of 0.5 Hz via a connecting tube with a length of 2.4 m. Stimulus onset intervals were randomized at 1700 -2300 ms. The nasogastric tube was inserted via the right nostril and pushed forward until air-pulses were clearly noticed at the pharyngeal wall by each subject. As air-pulses are clearly audible in the quiet surrounding of the MEG chamber, each volunteer received continuous "pink noise" (= 1/f noise) [16] as auditory masking via in-ear headphones during MEG to prevent the targeted cortical response to the sensory stimulus from being biased by the stimulus-related activation of the auditory system. Before the actual MEG measurement, sound levels were increased in a stepwise manner until the participant could not recognize the noise caused by the air-pulse anymore. 5 dB(A) were added to this threshold value on both ears to prevent a habituation effect during the recording. Participants were seated in a comfortably upright position during the MEG measurements. In the anesthesia condition five sprays of lidocaine (10 mg per spray) were applied on either side of the pharynx 15 minutes before the beginning of the MEG measurement. This time span was chosen to proof that anesthesia lasts for at least half an hour (15 minutes prior to MEG + 15 minutes of measurement time) if the virtual lesion model is to be used in future neuromodulatory intervention trials. To distract participants from the stimulation and keep the state of alertness on a constant level, subjects watched a silent movie during the measurement.
MEG data acquisition
A whole head 275-channel SQUID sensor array (Omega 275, CTF systems Inc.) installed within a magnetically shielded room was used for MEG data acquisition. Magnetic fields were continuously recorded during the 15 minutes of pneumatic stimulation with a sample frequency of 600 Hz and using a 150 Hz low-pass filter. Pneumatic stimuli were delivered using Presentation (NeuroBehavioral Systems, Inc., USA) as experimental control software. Trigger markers were coregistered with the MEG data for every stimulus event.
A current was sent through three small coils placed at fiducial positions (nasion, left and right ear canal) that allowed detection by the MEG measuring system as later co-registration between MEG and a template MRI depended on these three landmarks. During the MEG measurement, the participants' head movements were continuously recorded. For later rejection of stimulation trials contaminated by swallowing artifacts, swallowing acts were identified by surface electromyographic (EMG) recording with bipolar skin electrodes (Ag-AgCl) placed on the submental muscle groups as previously performed [7, 17] . The electrodes were connected to a bipolar amplifier (DSQ 2017E EOG/EMG system, CTF Systems Inc., Canada).
MEG data analysis
For artifact correction, each individual's coregistered EMG signal was used to identify swallowing acts as previously published [18] [19] [20] . Stimulation episodes contaminated by swallows were rejected. By applying a fourth order two-pass Butterworth filter prior to further computations, MEG data were filtered within five different frequency bands: theta (4-8 Hz), alpha (8-13 Hz), beta (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) , low gamma (30-60 Hz), and high-gamma (60-80 Hz).
For MEG data analysis, we used custom-made Matlab (MathWorks Inc., USA) scripts based on FieldTrip (http://www.ru.nl/fcdonders/fieldtrip), an open source Matlab toolbox for the analysis of neurophysiological data [21] . Sensory stimulation is known to evoke an event related desynchronization (ERD) in respective cortical regions [22] . Source localization of each single subject's cortical ERD changes due to pneumatic pharyngeal stimulation was performed separately in all frequency bands for the anesthesia and no-anesthesia condition applying a linearly constrained minimum variance (LCMV) beamformer and a single shell volume conduction model [23] generated from the canonical single subject T1-weighted MRI (SPM8, http://www.fil.ion.ucl.ac.uk/spm) implemented in FieldTrip as previously described [17, 24] . Relative power changes were determined by contrasting the active stage (0 to 500 ms) after the pneumatic stimulus against baseline (-500 to 0 ms) prior to the stimulus, because these time windows could be identified as relevant in previous time-frequency wavelet analysis for this stimulation task [15] . Data were normalized by the baseline power. For each condition, volumetric source estimates of the individual subjects' functional data were spatially normalized to a template brain (T1, Montreal Neurological Institute, Canada) using SPM8. Grandaverages of normalized source activation maps were computed across all subjects for anesthesia and no-anesthesia condition data in each frequency band.
A cluster-based nonparametric randomization approach built into FieldTrip was applied to identify source locations that were significantly (p<0.05) modulated during the anesthesia-condition [25] . Here, clusters are defined on the basis of the actual data distribution and the statistical significance of these clusters is tested using a Monte-Carlo randomization method to control for the type I error with respect to multiple comparisons. A two-sided dependent samples t-statistic was calculated on a cluster-level at first by taking the sum of the t-values within the respective cluster. At second, data across the two conditions were randomly permuted 1000 times and the test statistic was recalculated each time. In doing so, we obtained a data driven reference distribution of maximum cluster t-values to evaluate the statistic of the observed data. A p-value was obtained by calculating the proportion of random partitions that resulted in a larger test statistic than the observed one. Anesthesia/no anesthesia data were concluded to be significantly different if the p-value was smaller than the critical alpha-level of 0.05.
Analyses of demographic subject data and task performance measures were carried out using SPSS Statistics 24.0 (IBM Corp., USA). As data were not normally distributed according to Kolmogorov-Smirnov statistics, the Wilcoxon-rank test was applied as a nonparametric test for paired samples.
Results
Task performance
Head movement was comparable between conditions (5.5 mm ± 4.5 mm (no anesthesia) vs. 3.8 mm ± 2.6 mm (anesthesia), p = 0.594). After manual artifact correction, 408 ± 19 airpulses per subject were analyzed in mean during anesthesia condition and 411 ± 40 airpulses during the no-anesthesia condition respectively (p = 0.350). Pharyngeal air-pulse stimulation was tolerated well by all subjects.
Cortical activation due to pneumatic pharyngeal stimulation
Pharyngeal air pulse stimulation resulted in ERD of oscillatory brain activity in all investigated frequency ranges, and was most prominent in the beta frequency and adjacent alpha-and low gamma frequency bands. Source distribution of group mean averaged ERD without anesthesia is presented in Fig. 1 . Pneumatic stimulation applied via a catheter inserted into the right nostril resulted in bilateral albeit left dominant activation of the caudolateral primary and secondary somatosensory and motor cortices, supramarginal gyrus, insula and -to a lesser extent -prefrontal areas with accentuation of the right orbitofrontal cortex. Peak ERD was localized in the left Brodmann Area (BA) 45 (triangular part of the inferior frontal gyrus) in the alpha range (peak-value α : -0.035), and in the left BA 6 (premotor area) in the beta and low gamma frequency ranges (peak-value β : -0.046; peak-value lowγ : -0.036).
Effects of pharyngeal anesthesia on the cortical response to pneumatic stimulation
During the anesthesia condition a significant reduction of overall ERD evoked by pneumatic stimulation was found in both hemispheres in the beta and low gamma frequency ranges in comparison to the no anesthesia condition (p β = 0.020; p lowγ = 0.013, see Fig. 2 ). No significant differences occurred in any other frequency band. Moreover, no significant increases of ERD were detected.
Discussion
In the present study, we proposed a virtual peripheral sensory lesion model of dysphagia due to pharyngeal hypesthesia by evaluating the effect of pharyngeal surface anesthesia on the cortical response to air-pulse stimulation in healthy subjects using MEG. In the anesthesia condition a significant decrease of ERD in the beta and low gamma frequency ranges -predominantly in the caudolateral pericentral cortex -was detected. 
Cortical representation of pharyngeal sensory processing
In our study, changes of rhythmic brain activity due to stimulation were most pronounced in the primary and secondary sensorimotor areas located in the caudolateral pre-and postcentral gyri, insula and supramarginal gyrus. Thereby, we were able to replicate the results of a former pneumatic stimulation study with similar but simpler setup, in which primary sensory activation was also found to spread into the (pre-)motor cortex (BA 4, 6) and secondary somatosensory cortex (BA 5) and supramarginal gyrus (BA 40) [26] . Using fMRI, Lowell et al. were also able to show that oral air pulse stimulation activates both motor and sensory components of the swallowing system, indicating their close functional connectivity, because swallowing is a motor task triggered by a sensory oropharyngeal stimulus to evoke the swallowing reflex [27] . Similar to our findings, they observed additional activation in the insula, which constitutes a primary gustatory cortex but is also known to integrate taste with other oral sensory modalities [28] . Moreover, they found activation in further areas such as the cingulate cortex, parietal operculum and subcortical structures like putamen and thalamus, which cannot reliably be localized with MEG [27] .
Our finding of activation in prefrontal areas and especially the orbitofrontal cortex deserves further explanation. Although their functional contribution to sensory processing remains largely unexplored, the posterior inferior frontal gyrus and adjacent frontal operculum are known to respond to stimulation of orofacial regions [29, 30] . The orbitofrontal cortex receives projections from the primary and secondary somatosensory cortex as well as the insula [29] and constitutes a secondary taste and olfactory cortex, but is also activated by pleasant or painful touch. Specifically, it was found to be activated by stimulation of neurons that respond to the texture of food in the mouth [31] , which have probably been activated by pneumatic stimulation in our study. In concordance with our observation, right hemispheric lateralization of activation in these oral sensory integration areas has been found regardless of the side of stimulation [29] . Apart from prefrontal regions, activation was stronger on the left in our study which applied solely right-sided stimulation. This may be because the majority of afferent fibers from the spinal trigeminal nucleus in the brain stem, where glossopharyngeal nerve fibers converge on, cross the midline [32] before reaching the somatosensory cortex via the thalamus. Furlong and co-workers also reported left dominant activation of the caudolateral sensorimotor cortex during water infusion into the mouth, which constitutes a non-lateralized sensory stimulus [30] . The authors speculated that sensory afferent information leading towards initiation of the swallowing motor program may especially be processed within the left hemisphere. This notion is in line with the observation of a time-dependent hemispheric shift of cortical swallowing processing from the left in the early, oral phases to the right in the later, pharyngeal stage [26] . However, Lowell et al. [27] reported bilateral cerebral activation, although air-pulse stimulation was given on the right-side only in their study. Thus, lateralization of oropharyngeal sensory information processing is an issue that still needs to be assessed further.
With regards to frequency, ERD in the present study was most prominent in the beta and in the adjacent alpha and low gamma frequency bands. In line with that, ERD during oropharyngeal air-pulse-stimulation and tactile thermal stimuli was observed in the beta but also alpha frequency ranges in previous studies by our group [15, 26] . Furlong et al. [30] observed activation in the 25 to 40 Hz frequency bands during oral water infusion in their MEG study. Activity in the low gamma band (most commonly defined as 30 -60 Hz) has been attributed to somatosensory integration and it has been proposed that low gamma activity may support afferent sensory feedback to the sensorimotor cortex during the performance of movement [33] . As the execution of safe and efficient swallowing depends eminently on constant sensory feedback, low gamma activity may indeed represent the afferent sensory volley of an oropharyngeal feedback loop in our task, too.
Changes due to pharyngeal anesthesia
Pharyngeal surface anesthesia led to significantly less activation in the caudolateral sensorimotor cortices in both hemispheres, confirming the induction of a sensory virtual lesion. Our lesion model was based on results of two former studies by our group, one examining cortical pharyngeal sensory processing itself [15] and one investigating on the effects of pharyngeal surface anesthesia on swallowing [7] . In the latter study, participants showed reduced activation after pharyngeal anesthesia not only in sensory but also motor cortical regions during swallowing, along with significantly worse performance in a water swallow test [7] . Activation of the caudolateral sensorimotor cortex has been associated with the receipt of a food bolus and has been assumed to be critically important in the initiation of swallowing [30] . It has been proposed that dysphagia due to a sensory impairment is not only caused by a direct reduction of sensory input but is also a consequence of resulting impaired motor efferents [7, 34, 35] emphasizing the importance of intact sensory input for safe and efficient swallowing. Taken together, this may well explain that sensory and motor activation decreased after withdrawing sensory afferent information with local anesthesia in our study. Gross et al. demonstrated that perceived stimuli yielded stronger gamma oscillations than unperceived stimuli of equal stimulus intensity [36] . Thus, reduced beta and low gamma activity seem to be the electrophysiological correlate of decreased processing of sensory information in/during the pharyngeal hypesthesia condition.
Applicability and justification of the proposed lesion model
As mentioned previously, there are several indications that a sensory impairmenteither caused by a central or peripheral lesion, or a combination of the two -can contribute to or even mainly cause dysphagia. In studies using videofluoroscopy or fiberoptic endoscopic evaluation of swallowing (FEES), an artificial peripheral lesion brought about by pharyngeal surface anesthesia led to a significant increase in aspiration and penetration in healthy volunteers [34, 37] . In geriatric patients, a reduction of myelinated fibers of the superior laryngeal nerve leads to sensory impairment in the pharyngeal and supraglottic areas [38] [39] [40] , together with other contributors resulting in age-related swallowing dysfunction called presbyphagia [41] . In patients suffering from post-stroke dysphagia, a negative correlation between penetration/tracheal aspiration and laryngeal sensitivity was described in two further studies using FEES [42, 43] . New treatment approaches are of particular need in these patients who suffer from severe dysphagia and who are often immobilized and need to be monitored. This usually makes it near to impossible to perform functional imaging studies that would allow a better understanding of the underlying pathophysiological mechanisms of dysphagia, e.g. the role of sensory impairment, which in turn could lead to a more specific therapy. Our model may apply just here. Besides neurogenic dysphagia, the growing relevance of presbyphagia in ageing societies and the pivotal role of sensory impairment in it should also be in the focus of attention in future investigations.
Apart from recent evidence for a partial peripheral mode of action of PES via the neurotransmitter substance P [44] , different other sensory stimuli, e.g. thermal stimulation, black pepper and capsaicin, all mainly leading to a release of substance P in pharyngeal sensory nerve endings, have shown potential to improve swallowing safety and efficacy especially in elderly patients with dysphagia [45] [46] [47] [48] [49] . The virtual lesion model introduced in the present study can help expanding our understanding of peripheral and central modes of actions of neuromodulatory and pharmaceutical treatments that come into question as potential future therapeutic options in dysphagic patients.
Limitations and methodological considerations
There are several limitations to the proposed model. The exact location of the air-pulse stimulation in the pharynx cannot be determined as the catheter is only stabilized by the inferior nasal meatus. Therefore, we were depending on the statement of the subjects to feel the stimulation at the back of the pharyngeal wall. We are confident that the stimulation location was kept stable during the measurement because subjects did not move and rarely swallowed. Even though the effect of local anesthesia on the pharynx ceases after a certain amount of time, a significant decrease of ERD could be detected in our measurement indicating a relevant anesthetizing effect of lidocaine for at least 30 minutes, which is long enough to conduct intervention trials. Similar findings were described by Fraser et al. who also used lidocaine as local anesthetic on the pharynx and found a decrease of sensory thresholds for at least 30 -45 minutes after application [50] . In the present study, the model was validated with MEG only but we believe it is also applicable with other functional imaging techniques, such as fMRI. This would also allow to characterize possible anesthesia-related changes in sensory processing at the brainstem level.
Conclusion
Swallowing is a complex motor and sensory task. As particularly critically ill patients suffering from severe peripheral sensory dysphagia are not easily available for neurophysiological studies, the virtual peripheral sensory lesion model proposed here may serve as a substitute to investigate the neurophysiological effects of novel treatment strategies on sensory aspects of swallowing in healthy subjects.
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